INTRODUCTION {#sec1-1}
============

The application of medicinal substances onto the skin has been practiced since ancient times in order to cure a variety of ailments, including severe chest congestion---by applying a mustard plaster. Today, transdermal drug delivery (TDD) utilizes the skin as a portal to deliver drugs into the systemic circulation. The development of the first transdermal therapeutic system or "patch" containing scopolamine for motion sickness in the early 1980s heralded the start of this route becoming a viable treatment option.\[[@ref1]\] Now several transdermal products are being marketed successfully incorporating drugs, such as clonidine, nicotine, scopolamine, nitroglycerin, estradiol, and fentanyl.\[[@ref2]\] The market value for the transdermal products is believed to be worth approximately \$3 billion annually in the USA alone.\[[@ref3]\] One of the disadvantages of the transdermal route is the variations in inter- and intraindividual absorption of drugs applied to the skin.\[[@ref4]\] These variations are a result of biological factors that exist between and within individuals.\[[@ref5]\] This review briefly covers the subject of human skin anatomy and the type of transdermal therapeutic systems (TTS) that are currently available, which facilitate a better understanding of the core topic of this article. Biological factors, such as gender, age, ethnicity, disease, skin hydration, and application site, all of which may cause variability in drug absorption across the skin, are discussed as are the transdermal delivery systems, which may be employed to overcome these variations.

ANATOMY OF HUMAN SKIN {#sec1-2}
=====================

The skin is the largest organ in the body, and it accounts for approximately 10% of an individual\'s body mass. Its large surface area means that the skin is a feasible portal for delivering potent drugs for systemic effect. The skin can be broken down into 3 layers, namely, the epidermis, dermis, and hypodermis, with each layer being physically and functionally distinct.\[[@ref6]\] The inferior layer is the hypodermis, which is largely made up of adipose tissue and mainly functions as an insulator, cushion, and also as a storehouse of high energy reserve in the form of the triglycerides present. Above this layer is the dermis, which is about 2--3 mm thick and consists of connective tissues, which adhere to the epidermis and the hypodermis. The dermis is where numerous structures, such as pilosebaceous units, blood vessels, lymphatic vessels, nerve endings (sensory receptors), and sweat glands are located. The epidermis is made up of stratified squamous epithelial tissue, which can be classified into 5 different layers based on keratinocyte proliferation and differentiation. These layers, starting with the outermost, are the *stratum corneum* (SC), *stratum lucidum* (SL), *stratum granulosum* (SG), *stratum spinosum*, and *stratum basale* (SB). The SC is the final product of the epidermal cell differentiation process and the overall SC structure forms a natural barrier, which prevents excessive water loss and the ingress of exogenous chemicals, including drugs, which limits the use of the transdermal route as a means of systemic drug delivery.\[[@ref7]\] It is composed of 10--15 rows of cells and is 10 μm thick. It consists of anucleated and highly keratinized cells, known as corneocytes or keratinocytes, embedded in a lipid matrix. The SC undergoes a total turnover, every 2--3 weeks.\[[@ref8]\] SC keratinocytes are surrounded by a continuous lipid phase known as the intercellular lipid lamellae, and has been said to resemble a "bricks and mortar" model.\[[@ref9]\] The major components in the SC lipid lamellae include 8 different classes of ceramides, fatty acids, cholesterol sulfate, and cholesterol. The lipid lamellae structure was further studied by Forslind and a domain mosaic model was proposed.\[[@ref10]\] His work showed that the lipids were differentiated into a crystalline lipid region, which allows the SC to function as a barricade, and this is bordered by a more fluid lipid region, that facilitates the uptake of water allowing the keratinocytes to remain hydrated. The ability to remain hydrated helps to prevent the formation of fissures at the skin surface.

TRANSDERMAL THERAPEUTIC SYSTEMS {#sec1-3}
===============================

The transdermal route promises a safe, reproducible method of drug delivery, with optimal patient compliance. However, the usefulness of this route is limited by the fact that the SC forms such an excellent barrier to exogenous chemicals.\[[@ref11]\] The successful delivery of a drug across the skin depends on the physicochemical properties of the drug, such as molecular weight (\<500 Da), partition coefficient (1--3) and the potency of the drug, which is recommended to be below 20 mg IV dose/day.\[[@ref12]\] However, when dealing with a drug that falls outside of these ranges, the key to successful TDD relies on a high-performance drug delivery device.\[[@ref13]\] An efficient TTS must be capable of temporarily reducing or bypassing the SC barrier with the result of enhanced drug delivery to attain a therapeutic plasma drug concentration. Transdermal dosage forms include ointments, creams, gels, and, more commonly, the transdermal "patch." More recently, newer dosage forms have been launched, such as the metered dose aerosols and ballistic needleless injections.\[[@ref14]--[@ref16]\] The transdermal patch is often favored because the other semi-solid formulations rely on the patient applying the correct amount of the formulation to their skin as the main method of graduating the dose.\[[@ref17]\] The concentration of drug in the dosage form and the area of skin to which it is applied are important parameters that affect the permeation rate. This is difficult to achieve using semi-solid dosage forms.\[[@ref18]\] Depending on the type of transdermal patch used, the formulation may consist of some or all of the following components: drug, release liner, adhesive, rate-limiting membrane, backing layer, and other excipients. The release liner is used to seal the area of the formulation that will be directly applied to the patient\'s skin. The presence of a release liner is necessary to control any unintentional release of drug during transport or storage and also to prevent the formulation adhering to the packaging. The backing layer (the area of the formulation that is visible after application) forms a protective covering before and during use and it may also have the effect of occluding the skin and therefore raising the hydration level of SC, which may aid drug permeation across the skin. The rate-limiting membrane is used to prevent leakage from a semi-solid or liquid reservoir while also ensuring that the release of the drug from the reservoir occurs at the desired rate. The adhesive keeps the patch firmly attached to the skin surface for the duration of use, which may be up to 7 days. In general, transdermal patches may be classified into 3 groups, which are the matrix patch, reservoir patch, and drug-in-adhesive patch.\[[@ref19]\] Drug-in-adhesive formulations contain the drug directly incorporated in the adhesive layer, while in the matrix patch the drug is contained in a polymer matrix, which controls the release of the drug. The reservoir patch contains the drug in a liquid reservoir behind a leak-proof rate-limiting membrane. The drug-in-adhesive patch is normally used for when a drug is capable of readily permeating the skin. Examples of such include formulations containing lidocaine (Lidoderm^®^), nitroglycerine (Deponit^®^ and Minitran^®^), and nicotine (Nicotrol^®^ and Habitraol^®^). Matrix and reservoir formulations are often used when the drug is incompatible with, or insufficiently soluble in the transdermal adhesive. However, the optimal design of a TTS in itself may not necessarily provide a therapeutic drug plasma concentration. Chemical or physical enhancement techniques may be necessary to overcome the SC, and in the last few decades numerous methods have been investigated.\[[@ref20]\] However, only a handful of these techniques have demonstrated significant improvements in transdermal flux. Among these are supersaturated drug solutions, melting point depression, microfabricated needles, and inclusion of potent safe chemical permeation enhancers. The increasing numbers of patents being applied for and granted for newer techniques suggests the likelihood of more effective TTS in the near future.\[[@ref21]\]

GENDER-BASED VARIATION {#sec1-4}
======================

One of the differences between male and female skin is keratinocyte size, with those cells found in male skin samples tending to be somewhat larger than those present in skin from female donors. The length of keratinocytes present in skin from male donors is reported to range from 37 to 46 μm, whereas keratinocytes found in skin from female donors typically ranges from 34 to 44 μm.\[[@ref22]\] Other differences between male and female skin is that men tend to have larger skin pores sizes (sweat and sebaceous gland) and they also have more active sebaceous glands compared with those in female skin.\[[@ref23]\] The pH of male skin is also significantly lower than the female skin.\[[@ref24]\] These differences could potentially translate into variation in transdermal drug permeation, however, most studies have demonstrated that there is no difference in the permeability of male and female skin. Transepidermal water loss (TEWL), which is often used as a measure of skin barrier integrity, has been shown to be the same in both sexes.\[[@ref25]\] Similarly, another study showed that there was no significant difference between the permeation of nicotine across female and male skin under *in vivo* conditions.\[[@ref26]\] However, because data is scant, no generalizations about gender-based variations in transdermal delivery can be firmly drawn. Experiments that employ a range of drugs with differing polarities should be used to judge whether there are indeed real differences in the permeation of drugs across male and female skin.

AGE-BASED VARIATION {#sec1-5}
===================

The relationship between age and skin structure has been extensively studied since the mid-1980s.\[[@ref27]\] There is a clear evidence of skin structural changes, while the aging process takes place, such as the thinning of the epidermis and dermis, the loss of adherence between the keratinocytes, a decrease in the number of melanocytes and Langerhans cells, and an increase in type 3 collagen fibers.\[[@ref28]\] The important question here should be, whether or not the skin structural changes have any effect on transdermal absorption. It is an important issue because transdermal formulations are designed to be applied to the skin of patients of all ages. The literature enlightens 2 different opinions. The first suggests that the SC remains intact and invariable during the course of a human life in spite of the other general changes that occur.\[[@ref22]\] Conversely, some researchers have demonstrated that the permeation of the nonlipophilic compounds: hydrocortisone, benzoic acid, acetylsalicylic acid, and caffeine were significantly lower in the elderly compared with young subjects.\[[@ref27]\] However, in the same study, it was found that the absorption of testosterone and estradiol was similar between both the elderly and the younger subjects, implying that the permeation of hydrophobic drugs remains unaffected by age but the permeation of less lipophilic compounds does depreciate with age. This study suggests that aging can affect the permeation of hydrophilic compounds across the skin. It is speculated that this is related to the lower water content of the SC that is evident with the decreasing natural moisturizing factor (NMF).\[[@ref22]\] Consequently, the lower water level in the SC leads to the loss of a polar route across the SC lipid lamellae, which then obstructs the movement of hydrophilic compounds across the skin. Although an occlusive patch may increase the water content of the SC, the total retention might still be inferior to skin that contains a high level of NMF. Thus, a TTS that delivers a drug directly into the lower epidermis, such as a formulation containing microfabricated needles, may reduce age-based variations in drug delivery because the SC is not the limiting factor. Similarly, the permeation of drug (theophylline and caffeine) across neonatal skin has been shown to be superior compared with healthy adult skin.\[[@ref29][@ref30]\] This is because the skin takes 3--5 months after birth to mature and attain a similar thickness and barrier capabilities as those of an adult.\[[@ref22]\] This delay in maturation is because cell and tissue differentiation that occurs in the epidermis has not been completed.\[[@ref31]\] One of the key aspects of skin maturation is the formation of intercellular lipid regions within the SL and SC layers. These lipids are synthesized *in situ* in the SB, SP, and SG, where they can be viewed as lamellar bodies (LB). The lipids present in these LB include sphingomyelins, glucosylceramides, phospholipids, and cholesterol, however, the lipids found in the intercellular regions of the SC comprise largely of cholesterol--sulfate, free fatty acids and, notably, ceramides. This change in SC composition is a key requirement to the integrity of the barrier that requires extracellular processing to take place, such as the conversion of glucosylceramides to ceramides by the enzyme β-glucocerebrosidase; conversion of sphingomyelins by acid sphingomylinase to ceramides (type 2 and 5), and the phospholipids are degraded by phopholipase A~2~ enzyme to give free fatty acids.\[[@ref32][@ref33]\] Until the mature skin barrier forms, the permeability of neonatal skin is high, increasing the possibility of successful transdermal therapy. Therefore, in theory, it should be possible to deliver a greater number of drugs via the transdermal route to neonates than would be possible in adults. However, because neonates requiring systemic drug therapy are often, by definition, in a critical condition, it is likely that drugs would be administered parenterally.

ETHNICITY-BASED VARIATION {#sec1-6}
=========================

Transdermal formulations are designed for the general population regardless of skin type or ethnicity.\[[@ref5]\] But, importantly, a number of studies that have documented variations in percutaneous absorption based on ethnicity. One of the earliest studies that highlighted this demonstrated that the permeation of fluocinolone acetonide was higher across Caucasian skin compared with Afro-Caribbean skin.\[[@ref34]\] Typically, studies of this nature have tended to compare Caucasian and Afro-Caribbean skin, and it was noted that permeation across Afro-Caribbean skin was often lower.\[[@ref25][@ref35]--[@ref37]\] These differences in permeation are purported to be due to the notable differences in skin structure observed between different races. Afro-Caribbean skin has a greater number of keratinocyte layers within the SC, thus suggesting that the density of the SC is greater.\[[@ref37]\] The integrity of the SC is thought to be further amplified in Afro-Caribbean skin by the high cellular cohesion between keratinocytes and the higher lipid content in the SC.\[[@ref38]\] Other studies have shown that there are differences in the water content of the SC, with skin from Afro-Caribbean subjects having a lower SC water content compared with other races.\[[@ref39][@ref40]\] A separate study compared the variation in skin permeation of methyl nicotinate as a model drug between 4 different ethnic groups. It was found that the rank order of skin permeability was Afro-Caribbean \< Asians \< Caucasians \< Hispanics.\[[@ref41]\] Based on this observation, clinicians should be aware that plasma drug levels obtained following TDD may not be as high in Afro-Caribbean patients when compared with Caucasian patients. Moreover, the TSS used should, if possible, be able to reduce these differences leading to relatively consistent drug plasma concentration for at least the majority of individuals. The use of microfabricated needles, thus avoiding the SC barrier, may be useful in this aim.

SKIN HYDRATION {#sec1-7}
==============

Skin hydration is another biological factor that affects the percutaneous permeation of many drugs across the skin. Water only accounts for about 10%--20% of the weight of the stratum corneum at normal physiologic conditions; however, if the skin is soaked in water for a short period of time, the SC can absorb up to 20 fold more water than would normally be present.\[[@ref42]\] The hydration level of the SC often varies due to certain disease states, such as eczema and ichthyoses and also the ambient humidity and temperature. NMF is known to act as a mediator for the hygroscopic property of the stratum corneum.\[[@ref22]\] NMF consists of free amino acids and amino acid salts, which are derived from the hydrolysis of proteins, such as fillagrin. Some researchers have suggested that hydration of the skin causes swelling of the keratinocytes which, in turn, affects the SC lipid packing. These disruptions can lead to a merging of the interrupted polar and nonpolar intercellular routes to form a continuous polar and nonpolar route across the SC, which can increase the flux of some permeants.\[[@ref43]\] However, the study by Van Hal *et al* found that there was no major modification in the lipid packing except for the presence of discrete water pools in the SC lipids.\[[@ref44]\] It seems that at the present time there is no conclusive evidence for the mechanism of permeation enhancement caused by SC hydration. Formulation scientists have tried to take advantage of the increase in permeation caused by skin hydration by including nonporous linings on transdermal formulations to deliberately occlude the skin surface so that the hydration of the SC is increased. However, this approach has its drawbacks in that interindividual variations in SC hydration may lead to variable drug absorption, irritation, and subpatch microbial growth. The intensity of irritation varies based on individual skin sensitivity.\[[@ref45]\]

SKIN TEMPERATURE {#sec1-8}
================

Distinct from the internal body temperature, which is maintained at around 37°C, the skin temperature is influenced by environmental factors, such as ambient temperature, circulation of air, and humidity, which can cause the temperature of the skin to vary considerably. Cautions on the avoidance of exposure of the TTS to extreme sunlight or heat have often been included in the patient information leaflet, one such example is the Lidoderm^®^, which is a local analgesic preparation. This difference in skin temperature could lead to the increased or decreased drugs flux across the skin. The permeability of the skin is directly proportional to its temperature, with higher temperatures causing increased fluidization of the SC lipid domain, leading to an increase in the diffusion coefficient of the drug.\[[@ref46]\] More interestingly, the skin surface temperature has been shown to vary with an individual\'s emotional/psychological state as the result of the sympathetic/parasympathetic nervous system.\[[@ref47]\] An occlusive/insulating dressing, which could reduce the loss of heat from the skin, is likely to reduce the fluctuations in skin temperature at the site of application.\[[@ref48]\] Although this simple approach is a suitable method for maintaining a more constant skin temperature, it may cause a slight elevation in the local temperature.\[[@ref49]\]

DISEASE STATE {#sec1-9}
=============

The skin comes into direct contact with the environment and hence it is often the first part of the body that sustains damage if an individual is exposed to an irritant substance. Damaged or diseased skin has been shown to be considerably more permeable compared with intact skin.\[[@ref17]\] Ichthyoses, dermatitis, impetigo, eczema, and psoriasis are all fairly common skin diseases that can result in a reduction in the barrier nature of the skin. Inflammation occurs as a response to mechanical, chemical, thermal, and microbial assault. Radiation in the form of UV light can also initiate the inflammatory process. The inflammatory response can result in a reduction in the barrier properties of the SC, which can lead to the increased skin permeability to drugs. It has been shown that the *in vivo* permeation of hydrocortisone across normal healthy human skin is lower than it is across skin containing psoriatic lesions.\[[@ref50]\] TDD is best avoided when the skin is diseased, as barrier defects caused by certain conditions could lead to overabsorption of drugs, leading to adverse drug reactions.

SKIN METABOLISM {#sec1-10}
===============

The skin is a metabolically active organ and passage across the skin will expose the drug to a variety of enzymes located in the skin. Enzymes involved in Phase I (oxidation, reduction, and hydrolysis) and Phase II (methylation, glucuronidation) metabolic processes have all been isolated from the skin. A majority of these enzymes have been detected in the epidermis and the appendages of the skin and interestingly enzyme activity has also been detected in the SC.\[[@ref51]\] Collectively, these enzymes contribute to first-pass skin metabolism, which can decrease the bioavailability of the compound applied to the skin surface. Furthermore, a drug applied to the skin can also be metabolized by some microbes, such as *Staphylococcus epidermidis*, which may be present on the skin surface and within the superficial layers. In spite of the variety of enzymes present, the total enzymatic activity of skin is far lower than that of the liver. Skin first-pass metabolism is estimated to be only 10% of that which takes place in the liver.\[[@ref52]\] Thus, depending on the amount of enzymes that are present and the nature of the drug (tertiary esters are far more stable than primary esters to skin hydrolysis), the degree of metabolism that takes place may vary considerably.

ANATOMICAL SITE VARIATION {#sec1-11}
=========================

Skin structure does not only vary among individuals, it also varies between different anatomical sites within an individual. For example, the epidermis is up to 13 times thicker at the weight-bearing soles of the feet and the palms of the hand compared with that of the eyelids or the lips. It is often regarded that the SC thickness is directly related to drug permeability resistance, where one would have thought that drug permeation across the soles or palms would be lower compared with that across the skin of the eyelid or lips. Interestingly, this is not always the case, as similar permeation profiles have been achieved between regions with different SC thickness, and different drug permeation profiles were achieved between sites with similar SC thickness.\[[@ref50]\] However, other studies have shown that the permeability of the skin varies between different anatomical sites around the body, for example, the permeation of testosterone across the scrotal skin was 5 times greater than the permeation rates at other anatomical sites.\[[@ref4][@ref7]\] Skin from other sites, however, such as the arm and chest, show very similar barrier properties: clonidine application was shown to result in very similar plasma concentrations.\[[@ref4]\] Consequently, a hierarchy of permeability at different anatomical sites can be generalized, where the skin at the epigenital region is said to have the highest permeability followed by skin from the head and neck region, the skin at the trunk (chest, stomach, back), the skin at the arm, and finally the skin of the legs.\[[@ref22]\] The main factors that influence the choice of application site are the consideration of the adhesiveness of the patch to the skin: ease of removal and mitigation of the irritation potential is of importance. As such, it is often recommended that transdermal formulations should be applied to the trunk or the arm as there is usually less potential for sensitization and the lower density of hair follicles leads to better tack and ease of removal. This is also because the skin of the trunk or the arm creases less during physical activity. Some examples of transdermal patches on the market that are applied to the skin of the trunk or the arm are Duragesic^®^ (fentanyl), Androderm^®^ (testosterone), Nitrodisc^®^ (Nitroglycerine), Habitraol^®^ (nicotine), Catapres-TTS^®^ (clonidine), and Nicotrol^®^ (nicotine). However, some manufacturers recommend different sites of the application, such as the Lidoderm^®^ (lidocaine) TTS, which is recommended to be applied at the site where pain is felt. Furthermore, it is suggested that Transderm Scop^®^ (scopolamine) is applied at the back of the ear; Climara and Vivelle (both containing estradiol) should be applied to the lower abdomen or the upper part of the buttocks. The variation in the application site is mainly attributed to the type of drug and the permeability across the skin. For example fentanyl, nitroglycerine, clonidine, and nicotine have a relatively high permeability due to the optimal log P (1--3) and low molecular mass (\<500), thus the site of application has minimal effect on the permeation of these drugs.\[[@ref12]\] It is recommended that formulations containing drugs, such as lidocaine and scopolamine be applied at specific regions in order to increase the desired effect. Lidocaine applied at the site of pain may lower the perceived pain more rapidly because the amount of drug being delivered to the affected area is higher. However, it should be borne in mind that for the ease of application and removal, the application of patches at any hairy region should be avoided if possible, or otherwise hair removal before application may be necessary.

CONCLUSION {#sec1-12}
==========

The biological variation described in this review could well translate into significant variation in drug delivery via the transdermal route. As a consequence, preventive steps must be taken to avoid perilous generalizations when prescribing transdermal products. Specific instructions should always be included on the patient information leaflet and the summary of product characteristics, such as defining the area of application and exact duration of application. Furthermore, the recommended dosage instructions should take into account different patient groups based on ethnicity, age, and gender. Factors, such as skin temperature and skin hydration level, should be controllable by the transdermal dosage form in order to reduce variation in drug absorption.
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